Expression of the immediate early gene, c-fos, was used to investigate changes in neuronal activity in forebrain regions involved in male sexual behavior following social, hormonal and/or seasonal manipulations in the male green anole. These factors all influence behavior, yet it is unclear how they interact to modify neuronal activity in forebrain regions, including the preoptic area (POA) and ventromedial nucleus of the amygdala (AMY). These regions are involved in the display of sexual behaviors in male green anoles as in many other vertebrates. To determine the effects of seasonal, hormonal and social cues on these brain areas, we investigated c-fos under environmental conditions typical of the breeding or non-breeding season in adult male green anoles that were castrated and implanted with either testosterone (T) or blank (Bl) capsules. We also manipulated social cues by exposing only half of the animals in each group to females. T enhanced courtship and copulatory behaviors, but decreased c-fos expression in the AMY. A similar, although not statistically significant, pattern was observed in the POA, and the density of c-fos+ cells was negatively correlated in that region with the number of extensions of a throat fan (dewlap) used during courtship. Therefore, it appears that in the male green anole, T may diminish c-fos expression (likely in inhibitory neurons) in the POA and AMY to create a permissive environment in which the appropriate behavioral response can be displayed. 
Introduction
Limbic forebrain regions, including the preoptic area (POA) and amygdala (AMY), are involved in the expression of male sexual behaviors. Changes in neuronal activity in these forebrain regions, indicated by expression of immediate early genes such as c-fos, are associated with the display of male behaviors in a diverse array of vertebrates (Greco et al., 1996 (Greco et al., , 1998 Heeb and Yahr, 1996; Newman, 1995, 1997; Mello, 2002; Schaefer and Zakon, 1996; Shimura et al., 1994) . These areas also express steroid receptors in numerous vertebrate species Hull et al., 2002; Wade, 2005) , and testosterone (T), and/ or its metabolites, estradiol and dihydrotestosterone, activate courtship and copulatory behaviors in males of many species, often on a seasonal basis Cooke, 2006; Cooke et al., 1999; Lovern et al., 2004; Prendergast et al., 2002; Romeo et al., 2001; Sakata et al., 2003; Wood and Swann, 2000) . Environmental conditions can interact with hormone levels to affect the expression of immediate early genes. For example, following exposure to females, c-fos expression in the POM (the avian homologue of a portion of the mammalian POA) of male starlings, is positively correlated with behavior during the breeding season (BS; when T levels are high), but not non-breeding season (NBS, Riters, 2005, 2006) . Social cues can also directly influence neuronal activity; cfos is greater in reproductive forebrain nuclei in rodents and songbirds following social contact (Mello, 2002; Schwab et al., 2004) . While many studies have examined the effects of seasonal, hormonal and social cues on c-fos expression separately, few have investigated potential interactions among them, fewer have examined c-fos in reptilian brains (Bertolucci et al., 2000) and none to our knowledge have done so in green anole lizards. Green anoles are ideal for conducting this type of work. They breed seasonally and exhibit naturally occurring behavioral plasticity. During the BS, males extend a bright red throat fan (dewlap) to court females, and copulation involves intromission of one of two bilateral hemipenes (Crews, 1980; Greenberg and Nobel, 1944; Jenssen et al., 2000) . Lesion studies document that the AMY (also known as the ventromedial nucleus of the posterior dorsal ventricular ridge) and POA facilitate male reproductive behaviors in lizards, as in other vertebrates (Bass and Zakon, 2005; Crews and Moore, 2005; Greenberg et al., 1984; Morgantaler and Crews, 1978; Murphy and Hoffman, 2001; Panzica et al., 1996; Wade, 2005; Wilczynski et al., 2005; Wood and Swann, 2000; Yahr and Gregory, 1993) . Courtship and copulatory behaviors in green anoles are facilitated by environmental conditions typical of the BS and are greatly diminished during the NBS. T, rather than its metabolites, is the primary activator of these behaviors in males (Adkins and Schlesinger, 1979; Crews et al., 1978; Greenberg and Nobel, 1944; Jenssen et al., 2000; Lovern et al., 2004; Neal and Wade, 2007; O'Bryant and Wade, 1999; Rosen and Wade, 2000; Wade, 2005; Winkler and Wade, 1998) . T and seasonal environmental conditions also affect forebrain morphology in the anole. Soma size of POA and AMY neurons is increased by T, and an interaction exists in the AMY, such that the hormone enhances soma size more in the BS than NBS (Neal and Wade, 2007; O'Bryant and Wade, 2002) . Androgen receptors are present in the POA and AMY (Rosen et al., 2002) , suggesting that T may act directly in these regions, although it is currently unknown whether that is in fact the case. While at least visual exposure to females is required for males to display courtship behaviors, neither visual nor direct female contact affects POA or AMY morphology (Neal and Wade, 2007) . However, in intact males, larger soma size in the AMY is associated with higher rates of dewlap extensions (Neal and Wade, in press ).
To determine whether T, season and female contact alter neuronal activity, expression of c-fos was examined in the POA and AMY. Males were exposed to T or vehicle under either BS Fig. 1 -Number of dewlap extensions (top) and copulations (bottom) during the 1.5-h behavior test. Males were castrated and implanted with either testosterone (T) or blank (Bl) capsules during the breeding and non-breeding seasons, and either exposed to females or not. For dewlap extensions, main effects of season, hormone treatment and female exposure condition existed, as well as an interaction between hormone treatment and female exposure (top). Main effects of season and T treatment and an interaction between seasonal and hormonal manipulations were also detected for total copulations (bottom). or NBS temperatures and photoperiods, as well as to one of two levels of female contact (exposed to a female, or not).
Results

Behavior
As expected (see Introduction), T increased dewlap extensions (F=13.34, p= 0.0005), as did BS conditions (F=7.82, p=0.0068) and exposure to females (F=70.62, pb 0.0001). A significant interaction existed between hormone treatment and social contact such that the effects of T were greater in males presented with females than those who were not (F= 8.05; p=0.0061; Fig. 1, top) . No other interactions were detected. For copulatory behavior, only males exposed to females were included in the analysis, and only Ttreated males in the BS displayed this behavior. Main effects of treatment and season, and the interaction between them, were all statistically significant (each F= 64.0; pb 0.0001 Fig. 1 , bottom). 
AMY
POA
The pattern of expression in the POA was generally similar to that of the AMY, but the density of c-fos+ cells in the POA did not differ significantly between groups, and no interactions were detected (all F ≤ 2.42; all p ≥ 0.125; Fig 
Renal sex segments
The height of epithelial cells in the kidneys (renal sex segments) was measured as an indication of androgen exposure Neal and Wade, 2007; Winkler and Wade, 1998) . Main effects of T and season existed such that cell height was larger in T-than Bl-treated males (F = 201.09, p b 0.0001) and during the BS than NBS (F = 103.28; p b 0.0001). Also, a significant interaction was detected such that the effect of T was greater in the BS than NBS (F = 100.75; p b 0.0001). These data (not shown) are consistent with those in other experiments Wade, 2004, 2005; Neal and Wade, 2007; Winkler and Wade, 1998) and indicate that the hormone released from the capsule affected androgen-sensitive tissues as expected.
Discussion
Summary
In the present experiment, T activated behavior yet decreased the density of c-fos+ cells in the AMY. This result on immediate early gene expression was independent of season and female presence, suggesting that the hormone may relatively directly decrease c-fos expression in inhibitory neurons. A similar pattern was revealed in the POA, although it was not statistically significant. Courtship behavior was, however, negatively correlated with the density of c-fos+ cells in this region, which is consistent with the idea that either enhanced behavior causes fewer cells to express c-fos or that activity of particular cells inhibits courtship displays. The latter idea fits well with the AMY data (see below).
Relationship to previous studies in the green anole
The anole POA and AMY have a variety of characteristics associated with behavioral functions. For example, they are critical to the display of male courtship and copulation (Crews and Moore, 2005; Greenberg et al., 1984; Morgantaler and Crews, 1978; Wade, 2005) . T enhances both the behaviors and soma size in these areas, and the effects are greater in the BS than NBS on both courtship and copulatory behavior and AMY soma size (Neal and Wade, 2007; O'Bryant and Wade, 1999) . As cells in the POA and AMY express AR (Rosen et al., 2002) , T could act directly in these forebrain areas to facilitate both behavioral and morphological change, but this idea has not yet been tested. In the present study, with the exception of males in the BS that were not exposed to females, the pattern of T effects in the POA and AMY were the same. In this group (BS males without females), T seemed to on average increase the density of c-fos+ cells in the POA of Bl-treated males, but it had the opposite effect in the AMY. Also, although social contact with females does not appear to affect mean group differences in soma size (Neal and Wade, 2007) or c-fos expression in the POA or AMY (present study), the rate of dewlap extensions is positively correlated with AMY, but not POA, soma size in intact adult males during the BS (Neal and Wade, in press ). These data, combined with the fact that courtship displays are negatively correlated with c-fos expression in the POA (present study), suggest that individual differences in neuronal changes in the POA (c-fos expression) and AMY (soma size) may partially facilitate (or be facilitated by) the neural processing of social cues and/or the display of courtship behaviors. Collectively, these differences between the two regions in response to both T and degree of behavioral displays might reflect more specialized functions of these forebrain areas. They are reciprocally interconnected and both contribute to sexual motivation and behavior. However, in mammals, the POA is most likely the primary forebrain site for initiating male reproductive behaviors, whereas the AMY may be more involved in motivation (Wood, 1997) . Thus, T may diminish neuronal activity more in the AMY (integrates sensory information) than the POA (initiates male sexual behavior), as these regions may have different roles in the display of male green anole sexual behavior.
Relationship to other species
The expression of immediate early genes, such as c-fos, has been widely used to identify brain regions involved in the control of sexual behavior, including those composing the "social behavior network" (Goodson, 2005; Newman, 1999) . For example, c-fos expression is enhanced in the POA and AMY of male rodents, quail and house sparrows following exposure to a sexual stimulus and/or reproductive behavior (Heeb and Yahr, 1996; Pfaus and Heeb, 1997; Riters et al., 2004; Taziaux et al., 2006) . T and season interact to produce changes in immediate early gene expression associated with male sexual behavior in starlings; following contact with a female, c-fos expression in the POA positively correlates with behavior during the BS when T levels are high, but not NBS when T is low Riters, 2005, 2006) . Also, c-fos expression is increased in rodents when males and females are housed together, thus experiencing social contact, compared to isolated counterparts (Schwab et al., 2004) . In contrast to the present results, immediate early gene expression is increased in specific regions of the hypothalamus and suprachiasmatic nucleus of the female frog forebrain after hearing a socially relevant call compared to those hearing no sound or irrelevant calls (Hoke et al., 2005) . However, similar to our results, immediate early gene expression in the POA in these frogs did not differ between groups receiving social stimuli compared to those that did not. In fact, negative relationships can exist between social stimulation and the expression of immediate early genes. For example, c-fos expression is decreased in some limbic regions of the brain in mated compared to unmated male primates. However, as in the present research, in other brain regions including the POA and portions of the AMY, female exposure did not affect c-fos expression (Michael et al., 1999) . Similarly, in several avian species (ranging from a highly territorial species to one that is very gregarious), immediate early gene expression in the extended medial AMY is negatively correlated with group size of the species (Goodson, 2005; Goodson et al., 2005a,b) .
Potential functional explanations of differential c-fos expression
The present data suggest that T acts as a physiological cue, which may convey information about environmental stimuli, to release inhibitory cells under conditions in which behavior should be enhanced. This idea is compatible with work in some other species. For example, in male gerbils, c-fos and the inhibitory neurotransmitter GABA are co-localized in half of POA and AMY neurons, whereas only about one-fourth of the neurons co-express c-fos and the excitatory neurotransmitter glutamate, following mating (Simmons and Yahr, 2003) . In addition, hormonal manipulations can modulate GABA receptor function (Clark and Henderson, 2003) . For example, in mice, T treatment decreases the levels of individual GABAa receptor subunit mRNAs in the POA and AMY (McIntyre et al., 2002) . The present results are consistent with these from mammals and suggest that T treatment might decrease the activity (as indicated by c-fos expression) of GABAergic neurons in the POA and AMY, thus creating a permissive environment for displaying reproductive behavior regardless of whether a female was present or not.
This conclusion may appear to contradict other studies, however, for example those in which immediate early gene expression can be enhanced with T treatment in birds Riters, 2005, 2006) or in rodents in which increases in c-fos expression can be directly attributed to T or estradiol exposure (e.g., Cattaneo and Maggi, 1990; Insel, 1990; Nagypal and Wood, 2007) . It will be important in the future to more fully characterize the phenotype of the steroid-responsive cells, as well as to investigate additional mechanisms across these vertebrate groups, such as co-activators, which affect the manner in which particular cells respond to steroid signals (MacLean et al., 1997; O'Bryant and Jordan, 2005) . Also, studies in mice suggest that activation of specific serotonergic receptors (such as 5HT1A, 5HT1B and 5HT2C) inhibits sexual motivation (Popova and Amstislavskaya, 2002a,b) . So, diminished c-fos expression in the anole may indicate decreased changes in activity of neurons containing serotonergic receptors.
It is also possible that the decrease in c-fos expression due to T relates to functions other than sexual behavior. For example, this brain region is involved in fear responses in some species (e.g., rodents: Aikey et al., 2002) . Perhaps more likely, though, is a connection to aggression. In anole lizards, subordinate (less aggressive) males have higher baseline serotonergic activity in the AMY than their more aggressive counterparts (Summers et al., 2005) . Plasma T increases with aggressive encounters in anoles (Yang and Wilczynski, 2002) . Thus, it is possible that T diminishes activity of serotonergic neurons to allow the male to engage in aggressive behaviors.
Conclusions and future directions
Collectively, the data are consistent with the idea that T may decrease the activity of inhibitory neurons, making it more likely that given the appropriate context, the relevant behaviors will be displayed. For example, if a female is present, reproductive behaviors would be facilitated in breeding males. It will now be important to determine whether GABA and 5HT expression are influenced by T and/ or female exposure in the male green anole. In particular, colocalization studies of GABA and/or 5HT with c-fos could reveal whether these neurotransmitters influence the display of masculine sexual behavior. In addition, it is possible that other types of POA and AMY neurons are active. They may express proteins other than c-fos (Bailey and Wade, 2003; Hoffman and Lyo, 2002; Hoke et al., 2005) , or other biochemical markers of changes in neuronal activity (Tlemçani et al., 2000) might show relationships between that were not detected in the present study. This and previous work in the green anole POA and AMY suggest that T, and potentially AR, increases motivation and expression of masculine sexual behaviors by enhancing soma size and diminishing c-fos expression.
Experimental procedure
4.1.
Animals and housing
Wild-caught, adult male green anoles were purchased in the season in which they were tested (BS or NBS) from Charles Sullivan, Co. (Nashville, TN). Prior to use in the experiment, males were individually housed in 10 gallon glass aquaria, and adult females were group housed in 29 gallon aquaria for 1.5 weeks. Environmental conditions typical of the BS (14 h of light; room temperatures ranging from 28°C during the day to 19°C at night) or NBS (10 h of light; temperatures varying from 24°C during the day to 15°C at night) were maintained with fluorescent, full-spectrum and incandescent lights. Basking temperatures were up to 10°C warmer than ambient from incandescent spotlights placed on top of each cage. Aquaria were sprayed daily with water, and the humidity was consistently set at 70%. Sphagnum peat moss bedding, wooden dowels for perching, a water dish and basking rocks were provided in each aquarium. During the BS, animals were fed crickets or mealworms three times a week and during the NBS, twice each week. All procedures were performed in accordance with Michigan State University Institutional Animal Care and Use Committee and NIH guidelines.
Endocrine manipulations
Males from the BS and NBS were anesthetized by hypothermia, gonadectomized, and subcutaneously implanted with a Silastic capsule (7 mm × 0.7 mm ID× 1.65 mm OD). Implants were either packed with testosterone propionate (5 mm of hormone), or left empty (blank; Bl). Capsules containing 10% estradiol benzoate (5 mm long) were made from a slurry of Silastic sealant (Dow Corning; Midland, MI) and 2 mg estradiol benzoate extruded through a 10 cc syringe. They were subcutaneously implanted in ovariectomized females to facilitate receptivity.
Behavior testing
Two weeks after receiving implants, males were randomly assigned to one of two female exposure conditions. They either received a stimulus female placed directly in their cage or no female. The number of dewlap extensions and copulations by each male was recorded for 1.5 h by an observer blind to hormone manipulation during the active period of their day (1.5 to 2 h after lights-on).
Tissue collection
Immediately following behavior testing, males were rapidly decapitated. Brains and kidneys were removed and frozen in isopentane, and stored at − 80°C. The Silastic capsule's presence and condition were confirmed at this time. Brain and kidney tissues were sectioned in six series on a cryostat at 20 μm and stored at −80°C. Brains were processed for c-fos immunohistochemistry and kidneys were stained with hematoxylin and eosin.
Immunohistochemistry
All tissue was processed for c-fos immunohistochemistry in one run (as in Bailey et al., 2002; Wade, 2003, 2005) . Briefly, after warming slides to room temperature, sections were rinsed, fixed in 4% paraformaldehyde and incubated in 0.5% hydrogen peroxide for 30 min followed by a 1-h incubation in 4% normal donkey serum in 0.1 M PBS with 0.3% Triton X-100. Tissue was incubated for 72 h at 4°C in c-fos primary antibody (1:1000; Santa Cruz Biotech, Santa Cruz, CA, #sc-253) in 0.1 M PBS with 0.3% Triton X-100 and 30% glycerol. Following a series of rinses, tissue was incubated in biotinylated donkey anti-rabbit secondary antibody (1:1000; Jackson ImmunoResearch Laboratories, West Grove, PA). The Elite ABC kit solution (Vector; Burlingame, CA), and nickel-enhanced diaminobenzidine (Sigma; St. Louis, MO) were used to visualize c-fos immunoreactivity. To ensure that non-specific labeling had not occurred, the primary antibody was omitted, and no labeling was detected. C-fos+ cells were quantified at 300× in the forebrain of every individual in a 250 μm × 100 μm (POA) or 100 μm × 100 μm (AMY) box placed in 3-5 sections (depended on quality of tissue) from each brain area on both sides. This procedure resulted in 6-10 values per individual. The long edge of the box was placed 40 μm lateral to the third ventricle, and the short edge of the box approximately 225 μm dorsal to the optic chiasm just above the suprachiasmatic nucleus in the POA. The AMY box was placed in the center of the medial-lateral extent of the nucleus and 50 μm dorsal to the ventral edge of the brain. The number of fos+ cells was averaged within each brain region in each animal for use in statistical analyses. Very little, or no, c-fos expression was observed in a variety of other brain regions, including the anterior dorsal ventricular ridge, medial cortex, and in the rostral nucleus accumbens, indicating relative specificity in the expression of this protein.
In ten tubules randomly selected from the two kidneys, the height of four epithelial cells was measured for a total of 40 measurements. These values provide an indication of relative androgen exposure (see Holmes and Wade, 2004; Neal and Wade, 2007; Winkler and Wade, 1998 ).
Statistical analysis
Sample sizes for all groups were 9, except that the tissue of one Bl-treated male exposed to a female during the NBS was damaged (n = 8) and was not included in the final analyses. The total number of dewlap extensions, average kidney epithelial cell height and density of c-fos+ cells in the POA and AMY were separately analyzed with a three-way ANOVA (hormone × season × female exposure condition). A two-way ANOVA was performed on the total number of copulations in males directly exposed to a female (hormone × season). Simple regressions were conducted to determine the degree to which the number of dewlap extensions and c-fos expression in the POA and AMY were correlated. All statistical analyses were computed with StatView (SAS Institute, Inc., Cary, NC).
